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Abstract 
In underground coal mines, the energy difference from sealed fire area to general mine atmosphere and variations in atmospheric pressure 
cause leakage, which can affect the stable status of sealed fire area even lead to reburning. In this study, a quantitative analysis method 
was presented to optimize ventilating energy distribution, which coupled the atmospheric pressure fluctuation. The method was applied to 
the sealed fire area management in a high gas emission coal mine. Based on analysis results, the “one into and four outs” system, four fire 
dams in air-outflow condition with continuous nitrogen injection, was realized stably by setting up adjustable ventilation facilities 
reasonably. After the ventilating energy distribution was optimized, oxygen and carbonic oxide concentration of sealed fire area declined 
remarkably with less than 5% and 10 ppm respectively. The state was maintained one month, which established a basis for the unsealing 
of sealed fire area. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
E ventilating energy (Pa) 
L length of roadway (m) 
P absolute atmospheric pressure (kPa) 
Pa  relative static pressure on the base point when the other points were measured (Pa) 
Pb relative static pressure on the measuring points (Pa) 
Psat saturation vapor pressure (kPa) 
Q airflow volume of roadway (m3/s) 
R friction resistance (Ns2/m8) 
S area of roadway (m2) 
T absolute air temperature (K) 
U perimeter of roadway (m) 
Z elevation difference between measuring points (m) 
hR resistance energy loss along the roadway (Pa) 
g acceleration of gravity (m/s2) 
v air speed of measuring points (m/s) 
α friction resistance coefficient 
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ρ air density of measuring points (kg/m3) 
ρm average density of the air between measuring points (kg/m3) 
ϕ relative air humidity (%) 
Subscripts 
1, 2  measuring points numbered with Arabic numerals 
1. Introduction 
Spontaneous combustion continues to be a significant risk for underground coal mines. In China, as many as 10~20 
million tons of coal has been burnt off with $125~250 million worth of economic damage every year [1]. Most coal 
spontaneous combustion fires usually occur in the gob areas, which, by the very nature, present accessibility problems 
regarding detection, fairly precise locating, and fire extinguishment. Once a spontaneous fire happens, it is difficult to 
control its rapid development. This hazard will be exacerbated in mines with appreciable levels of methane, due to the 
potential of explosion ignited by the fire. Therefore, an uncontrolled fire in an underground coal mine frequently can only 
be attacked by sealed off fire zone or the entire mine in the worse situations. The intent of sealing is to allow the fire to 
consume available oxygen eventually bringing to a halt any underground combustion. Some measures such as nitrogen, 
water and retardant injection can be adopted to promote fire suppression after sealing the fire zone. According to the 
analysis of gas and temperature measurement, the sealed fire area may be opened as the oxygen concentration is lower than 
5% (volume fraction), the carbon monoxide concentration is lower than 10 ppm, the temperature returns to normal and these 
conditions are remained stable for more than a month [2]. 
The sealed fire area locates in the mine ventilation system, and ventilating energy distribution around the sealed fire area 
is formed by air flow. The energy difference from sealed fire area to general mine atmosphere causes leakage which can 
affect the stable status of sealed fire area even lead to reburning. Therefore, the energy difference should be optimized by 
control the air flow. On the other hand, the leakage of sealed fire area can be caused by weather and atmospheric 
temperature [3-7]. The weather caused atmospheric pressure changes are created by storm fronts that are associated with 
decreasing atmospheric pressure as they approach, followed by an increasing atmospheric pressure after they pass. The 
atmospheric temperature caused regular diurnal pressure changes are associated with decreasing atmospheric pressure as 
increasing temperature and increasing atmospheric pressure as decreasing temperature. Variations in atmospheric pressure 
result in leakage flow into and out of the sealed fire area, which is called “breathing effect”. Hence, fluctuations of 
atmospheric pressure should be involved as the ventilating energy distribution is optimized to control coal spontaneous 
combustion of sealed fire area. 
Ventilating energy distribution can be evaluated by laboratory-scale experiments [8, 9]. Whereas, extrapolation of the 
results to the sealed fire area may be not completely successful because of possible scaling effects. Some numerical 
modeling studies were proposed to understand the effect of atmospheric pressure changes on coal spontaneous combustion 
[10-14]. However, little work was reported on the preventing of breathing effect. In a simple ventilating system, it is easy to 
control breathing effect with empirical ways. Conversely, in a complicated ventilating system, it is difficult to control the 
leakage of sealed fire area under the condition of variable atmospheric pressure. In this study, the main attention is paid to 
provide a quantitative analysis method to optimize the ventilating energy distribution. The method has been applied to 
controlling coal spontaneous combustion of a sealed panel. Simultaneously, the effect of atmospheric temperature on 
leakage flow into and out of the sealed fire area is examined. 
2. Measurement of ventilating energy distribution 
2.1. Theories  
When air is moving in the mine workings, the ventilating energy is consumed because of the ventilating resistance. The 
ventilating movement produced by main ventilator does work to the air, which ensures the continually flowing of air. 
Therefore, the airflow volume in mine workings always flows from the high energy place to the low energy. The energy 
difference between sealed fire area and its surrounding ventilation system will be formed by the air flow, which results in 
gas inflow and outflow of sealed fire area and causes instability. 
According to the Bernoulli’s equation, the energy difference between two points of underground ventilation system can 
be calculated as the following equation [15]: 
( ) 2 212 1 2 2 1 1 1 2 2 12 121 12 2b b a a mE P P P P g Zρν ρ ν ρ= − + − + − +
                                                
(1) 
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The air density can be calculated as the following equation [15]: 
0.378
3.484 1 sat
PP
T P
ϕρ = −
                                                                  
(2) 
The drop of ventilating energy is equal resistance energy loss, which can be written as [15]: 
2 2
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(3) 
where Pb1- Pb2 is the pressure energy difference between two measuring points, Pa1- Pa2 is the atmospheric change when the 
pressure energy of measuring point 1 and 2 are measured, 2 21 1 2 20.5 0.5ρν ρ ν−  is the kinetic energy difference between two 
measuring points, gρm12Z12  is the potential energy difference between two measuring points. Eq. (3) indicates that the 
airflow energy loss of two measuring points varies directly as the square of airflow volume and wind resistance, the build-in 
attribute of roadway, which varies directly as the length and perimeter of roadway as well as friction resistance coefficient 
and inversely as the cube of roadway area. 
2.2. Procedures 
Set the initial measuring point as base point, the energy difference between points on the test route and base point 
indicates the energy distribution of the route. Two precision barometers are used in the measurement of energy difference. 
In order to correct the measurements under the influence of air pressure change, one is put on the base point and keeps it 
immoveable. Then the air pressure and check time should be recorded at regular intervals, which are used for observing the 
changing regularity of air pressure as the changes of time. As for another one, starting from the base point and along with 
pre-selected test route, the airflow static pressure of each point and check time should be recorded one by one. Meanwhile, 
the degrees of dryness and humidity, average air speed and elevation should also be measured. After finishing all points 
measuring, the energy difference between two points of underground ventilation system can be calculated as the Eq. (1) and 
Eq. (2). 
2.3. Instruments 
The static pressure is measured by the BJ-1 mining digital barometer which is manufactured by coal science research 
institute and precision is 1Pa. The degrees of dryness and humidity are measured by the DHM2 mining wet and dry bulb 
thermometer which is manufactured by Tianjin meteorological instrument plant and precision is 0.5 °C. The mechanical 
anemometers are at high, medium and low speed, which are used to measure average air speed in mines. 
3. General conditions of the test zone  
The test zone is 2141(3) panel in Panyi coal mine of Huainan mining industry group with the cutting coal seam of 13-1 
as shown in Fig. 1, the length is 1382 m, width is 175 m, average coal thickness is 5.54 m, average coal seam inclination is 
9°, and the elevation is −616 ~ −656.5 m. The U-shaped ventilation is adopted in the panel which absolute gas emission 
quantity is about 35~40 m3/min during mining. Various methods are used for gas drainage, increasing the air leakage in gob 
area. At 08:42 of October 2, 2010, during working face crossing fault period, coal spontaneous combustion and gas 
combustion happened due to slow advancing speed, too much of left-coal in gob, and high air leakage volume. Quick 
sealing measures were taken for the effective control of fire development to avoid gas explosion accident, and the fire dams 
were built at the outer opening of the intake and return airway. The fire dams completed at 01:12 of October 3, 2010, with 
the distance about 1400 m away from the working face. After sealing the measure of continuous nitrogen injection was 
adopted to reduce inner oxygen concentration. 
As shown in Fig. 1, 2141(3) panel crosses East 1 area (E1) and East 2 area (E2) mining areas. The airflow of E1 and E2 
mining areas are from the East main air intake road. The airflow of E1 is composed of two ways of wind and returns 
through the internal return shaft at outer opening of the return airway, and then enters into the chief air return roadway. The 
airflow of E2 mining area goes through the E2 haulage roadway to E2 mining area. In order to reduce the ventilating energy 
of tail roadway I&II, airflow control facilities were installed, which is helpful for the gas drainage during working. However, 
975 Tao Yu et al. /  Procedia Engineering  62 ( 2013 )  972 – 979 
once fire occurs, it is extremely unfavorable for managing air leakage of fire area, especially the air leakage management of 
unsealing the sealed fire area. 
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Fig. 1. Ventilation system layout of post-sealed 2141(3) panel, Arabic numerals 1~12 represent the measuring points. 
4. Analysis of simplified physical model 
Due to the fire dams are far away from the fire area, the sealed fire area is overlength and very large and its surrounding 
ventilation system is complex, so there are air leakage pathways which handicap the effectiveness of sealing and control 
measures for fire area. Observing tubes were preset in the fire dams and connected to the inner of fire area, which can be 
used for observing gas compositions of inner sealed fire area and air into and out states of fire dams. 
The complex ventilation system around the sealed fire area can be treated as a simple physical model, a sealed fire area 
with four fire dams. The goal of optimization of ventilating energy distribution is keep four fire dams in air-outflow 
condition, and with continuous nitrogen injection, the “one into and four outs” system is formed. The Fig. 2 shows the 
simplified physical model. 
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Fig. 2. Simplified physical model of sealed zone, A, B, C and D represent fire dams. 
In order to realize the “one into and four outs” target, the energy distribution of E1 and E2 should be known well, and 
then spontaneous combustion of fire area can be controlled effectively to ensure the gaseous stability of fire zone. On Oct 
12, 2010, eleven measuring points were arranged, five measuring points in E1 system and six measuring points in E2 system. 
All of the measuring points were set in the confluent place of airflow, which numbered with Arabic numerals (1, 2, ... 12) 
are shown in Fig. 1. 
5. Results and discussion 
5.1. Ventilating energy distribution 
Initial measuring point is set as base point, and the initial value is 0. Ventilating energy distribution of test route can be 
reflected by the energy difference from the points to the base point. The measuring results of ventilating energy distribution 
are demonstrated in Table 1.   
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Table 1. Measuring results of ventilating energy distribution 
Measuring Points 1 2 3 4 5 6 7 8 9 10 11 12 
Energy difference (Pa) 0 -15 -58 -72 -101 -111 -122 -144 -211 -986 -1451 -1768
 
The measuring results show that there is great ventilating energy difference between E1 and E2 of sealed fire area, which 
results from the panel crossing two mining areas. Among the outsides of four fire dams, the energy of measuring point 10, 
outside of fire dam D, is the lowest, and the maximum energy difference between it and fire dams A and B reach to 900 Pa. 
During the period of ventilating energy measuring, fire dam A was always in air-inflow condition, fire dam B alternated 
between air-inflow and air-outflow condition, fire dams C and D were always in air-outflow condition. In order to keep the 
fire dams A and B of E1 in air-outflow condition and air leakage of sealed fire area in a stable condition, the ventilating 
energy of measuring point 3 and 5, outsides of fire dam A and B, should be reduced highly. 
5.2. Atmospheric pressure fluctuation 
During the period of ventilating energy testing, the atmospheric pressure fluctuation can be observed in base point 1 as 
shown in Fig. 3. The trend curve is fitted by polynomial arithmetic. The minimum barometric value is set as zero. The 
measuring result shows that intake air density is changed under the influence of surface air temperature. The static pressure 
fluctuation of airflow was characterized by low temperature and high static pressure in the morning, declining gradually 
after 07:00, bottoming out at about 15:00 and the maximum fluctuation value reached 329 Pa. Therefore, the influence of 
atmospheric pressure fluctuation should be gave plenty of consideration in the adjustment of sealed fire dams A and B in E1. 
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Fig. 3. Atmospheric pressure fluctuation observed in based point 1. 
The maximum differential pressure from inner to outer of sealed fire dams, air inflow/outflow condition and occurrence 
time of maximum are shown in Table 2. 
Table 2. Measuring results of pressure difference in fire dams (00:30~22:30, one time every hour) 
Fire dam Maximum pressure difference  
from inner to outer (Pa) 
Air-inflow/outflow  
condition  
Occurrence time of 
maximum  
A -113 Air-inflow 7:30 
B -65 Air-inflow 7:30 
C 525 Air-outflow 15:30 
D 1078 Air-outflow 15:30 
 
At 10:30, the maximum pressure difference from inner to outer of sealed fire dam A was -103 Pa, sealed fire dam B was 
-65 Pa, and both of them were in air-inflow condition. At the same time, the ventilating energy of measuring points 3 and 5 
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reached the peak of all day. At 15:30, the maximum pressure difference from inner to outer of sealed fire dam C was 525 Pa, 
sealed fire dam D was 1078 Pa, and both of them were in air-outflow condition. Meanwhile, the ventilating energy of 
measuring points 9 and 10 reached the bottom of all day. The analysis results are consistent with the atmospheric pressure 
fluctuation.                                        
The air-inflow/outflow condition of E1 sealed fire dam is liable to be affected by atmospheric pressure, but this condition 
of E2 sealed dam is not affected by atmospheric pressure because of higher differential pressure. For this reason, in order to 
avoid the influence of atmospheric pressure fluctuation and reach “one into and four outs” goal, the ventilating energy of 
measuring point 3 should be reduced by optimizing ventilating energy distribution and the reduced value can not be less 
than 103 Pa. 
6. Procedures and effect of optimizing ventilating energy distribution 
6.1. Procedures  
The test zone was located in the inland region, the season was autumn, the weather was steady, and the general 
atmospheric temperature from October to November declined slowly, the influence of typhoon, windstorm and other severe 
weathers for atmospheric pressure were not taken into account as well. Thus, just a day fluctuation can be used to evaluate a 
month variations in atmospheric pressure. On the basis of Eq. (3), energy optimization can be achieved by setup and 
adjustment of air controller facilities, which means that the ventilating energy should be changed by controlling the air 
resistance and airflow volume of roadway artificially. According to the ventilating energy distribution and analysis results 
of atmospheric pressure fluctuation, the measures for optimizing ventilating energy distribution are as follows: 
• E1: The air doors E and F should be installed in the air-inflow roadway to reduce the intake air volume, inducing 
ventilating energy down of outside measuring points 3 and 5 of fire dams A and B. Besides, the airflow area of internal 
return shaft G should be increased to reduce the ventilating energy further. By taken the above measures, the total intake 
airflow volume was decreased from 1440 m3/min to 780 m3/min, the ventilating energy of measuring points 3 and 5 
reduced 121 Pa and 132 Pa, respectively. 
• E2: Airflow area expanding of the air door H and decreasing of the air door I should increase the ventilating energy of 
measuring point 9. Airflow area expanding of the air door J and decreasing of the air door K should increase the 
ventilating energy of measuring point 10. After taken above two measures, the ventilating energy of measuring points 9 
and 10 increased 41 Pa and 212 Pa, respectively. 
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Fig. 4. Ventilating energy distribution of sealed fire area before and after adjustment. 
In Fig. 4, the ventilating energy of every measuring point is measured after adjustment (AA), and the ventilating energy 
before adjustment (BA) is demonstrated for comparison. After optimization, ventilating energy difference between E1 and 
E2 sides of sealed fire area was reduced from 900 Pa to 560 Pa. 
6.2. Effect  
Sampling analysis of oxygen and carbonic oxide concentration are shown in Fig. 5, differential pressures from inner to 
outer of fire dams are demonstrated in Fig. 6. 
978   Tao Yu et al. /  Procedia Engineering  62 ( 2013 )  972 – 979 
The fire dams of E1 and E2 were both in air-outflow condition after ventilating energy optimization. In sealed fire area, 
stifling effect caused by nitrogen injection was very well, oxygen and carbonic oxide concentrations both declined 
remarkably, oxygen and carbonic oxide concentration were less than 5% and 10ppm, respectively, and this condition was 
maintained one month. Therefore, the optimization for ventilating energy distribution in underground coal mines not only 
controlled coal spontaneous combustion of sealed panel effectively but also established a basis for the unsealing of sealed 
fire area. 
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Fig. 5. Sampling analysis of gas into fire dams for (a) O2, (b) CO (maximum of every day). 
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Fig. 6. Pressure difference analysis from inner to outer of fire dams after ventilating energy optimization (06:30~22:30, one time every 2 hours). 
7. Conclusions 
In the sealed fire area of underground coal mine, under the influences of ventilating energy maldistribution and 
atmospheric pressure fluctuation, breathing effect was formed in the sealed fire area, which was unfavorable for the stable 
of sealing. A method was proposed to optimize the ventilation system around sealed fire area. The method included the 
ventilating energy measurement, quantitative analysis for the ventilating energy distribution and coupling with the 
atmospheric pressure fluctuation, which can be widely used in all kinds of underground collieries.  
In this study, the method was applied to the sealed fire area management in high gas emission coal mine. Based on 
analysis results, the adjustable ventilation facilities were set up reasonably to reduce the differential pressure between sealed 
fire area and the surrounding atmosphere, which ensured the sealed fire area in stable outflow condition. The “one into and 
four outs” system, four fire dams in air-outflow condition with continuous nitrogen injection, was formed stably. After the 
ventilating energy distribution was optimized, oxygen and carbonic oxide concentration declined remarkably with less than 
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5% and 10 ppm, respectively. This condition was maintained one month, which established a basis for the unsealing of 
sealed fire area. 
Because the weather was steady, and variations in atmospheric temperature were not severe during managing the sealed 
fire area. The influence of typhoon, windstorm and other severe weathers for atmospheric pressure were not taken into 
account. Before extreme severe weathers, therefore, ventilating energy must be remeasured and special solutions should be 
established for coping strategy. It is worth noting that the ventilating energy measurement should be performed in the 
evening or before dawn in the west China, Xinjiang, which can prevent the influence of atmospheric pressure changes 
induced by great temperature difference for one day period. 
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